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INTRODUCTION
Since many aspects of the effect of light on plant 
growth are not understood, there have been several studies 
at the University of New Hampshire during the past decade 
concerned with the effect of light quality and intensity on 
flowering and fruiting, vegetative growth, fresh and dry 
weight yields, and on anatomical and morphological modifi­
cation. Further explorations with regard to the effects of 
these factors upon the biochemical components of the intact 
plant and detached plant parts were necessary.
An objective of this investigation was to explore 
the effects of light quality, intensity and duration of 
treatment upon the carbohydrate metabolism in the bean plant 
particularly with respect to the effect upon sugar levels 
in the leaves. Other objectives were to determine if sugar 
levels differed between attached and detached leaves, to 
determine the reasons for the accumulation of high levels of 
sugars associated with detached leaves, and to determine if 
these high sugar levels affected rate of CO 2  uptake.
2LITERATURE REVIEW
Light is the ultimate source of energy for life 
through green plant photosynthesis (50). The importance of 
light to plant growth has been long known but our knowledge 
of the many diverse and intricate ways in which light affects 
plants is continually increasing.
Extensive quantitative observations on light intens­
ity and wavelength relations in phototropic phenomena were 
made by Blaauw (23) within the period, 1909 - 1919. Demon­
stration of the phenomenon of photoperiodism by Garner and 
Allard (24) in 1920 demonstrated for the first time the 
importance of daily duration of daylight in controlling the 
transition from vegetative growth to reproductive stage in 
Angiosperms.
Popp (42) was one of the earliest workers to study 
the effects of various spectral regions upon plant growth 
in which temperature and intensity were somewhat controlled. 
Research and knowledge expanded greatly in the following 
years and several reviews of the early work appeared within 
a decade (9,10,43).
At California Institute of Technology, the research 
interests of Dr. F. W. Went gradually turned to environmental 
influences on plant growth and he soon recognized the need 
for controlled environmental studies. This resulted in the 
fabrication of a phytotron consisting of accurately controll­
ed environmental chambers in which experiments could be 
conducted and it served as a model for many others to follow. 
The results of more than 15 years of work in this field are 
summarized in his book (66) and in other publications in­
cluding one by Dunn and Went (20).
3By this time, it was becoming widely recognized that 
light intensity measurements in foot candles were insuffic­
ient for the work concerned with light quality and that 
measurement of absolute energy in the various portions of 
the spectrum must be adopted (51,60). This resulted in the 
recommendations by the Committee on Plant Irradiation for 
measurement methods and for the division of the spectrum 
into bands (13,14).
There were also significant accomplishments in a 
multitude of directions. Biochemists were elucidating path­
ways of photosynthesis, and phytochrome was being investi­
gated and isolated, to name only two. Periodic reviews 
(23,35,41,45,59,65) have attempted to bring together the 
mushrooming literature which currently is becoming massive. 
Several reviews pertaining to specific areas of interest 
appear every year in the Annual Review of Plant Physiology.
Meanwhile, a series of investigations have been con­
ducted at the University of New Hampshire during the past 
15 years concerned with the effect of light quality on 
plants. One of the first pieces of work was concerned with 
the influence of light quality on growth of lettuce (22). 
Subsequent investigations have explored the effects of light 
quality on tomato seedlings (48,49), the effects of intensity 
and quality on plant maturity (29,30,31), the effects of 
light quality on the anatomy of pea leaves (33), the effects 
of intensity and quality on the anatomy of bean leaves (34), 
and the effects of new fluorescent lamps with some emission 
in the far-red on plant growth and reproduction (53,54,55). 
Other work has considered the effects of the interaction of 
light quality and herbicides upon plants (16,17,68,69,70,71).
4Extensive literature reviews have appeared in most of these 
publications and will not be repeated here.
Several reviews (28,38,39,40) concerning the effect 
of light quality on the nature of the products of photosyn­
thesis have appeared during the past decade and a half. The
work described has been mostly by Russian investigators.
14 14Generally, the investigators have utilized C , or C 
labelled compounds and observed where or in which compounds 
the increased radioactivity occurred. Most of the experi­
ments have been of short duration and with leaf discs from 
higher plants, or with lower plants.
Blue light was reported to increase radioactivity in
amino acids of tobacco leaves, while red light was reported
14to increase incorporation of total C 0  ^ into the organic 
acid fraction (63). Separation of the amino acids by 
chromatography indicated that the increase was localized in 
alanine and aspartic acid. Under the effect of blue light, 
an increase in the specific activity of the amino acid 
fraction also has been reported for Chlorella (11). As for 
carbohydrate synthesis, blue light has been reported to 
exhibit a depressing effect, as compared to red light, in 
sugar beet, sunflower, and tobacco (64). Leaf discs of bean, 
corn, and sunflower leaves have been reported to have added 
more dry matter during photosynthesis in red light than in 
blue light (62) . The percentage of proteins in the dry 
weight added under illumination with blue was higher than 
with red light.
With Bryophyllum leaves it has been shown that the 
relative distribution of newly assimilated carbon among the 
various products of photosynthesis is affected by the total 
amount of carbon fixed (12). When leaves fixed small amounts
5of C C>2 , a greater percentage went into amino acids but 
when large amounts were fixed, more went into sugars.
It has been reported that in leaves in the presence
14 14
of C the proteins contained C only when leaves were
permitted to carry on photosynthesis (61) and not after
infiltration with labelled invert sugar (1). From these
observations it has been concluded that carbon for protein
synthesis in light comes from some early photosynthetic
intermediates. Also increased protein synthesis, both in
cytoplasm and especially in chloroplasts was observed in
detached tobacco and c o m  leaves infiltrated with (N^H.^SO,
4 2 4
and exposed to light (2).
It has been stated by Tregunna et al (56) that leaves 
illuminated with red light usually absorb larger amounts of 
carbon dioxide than leaves illuminated with blue even though 
the energy content of red and blue light are the same. To 
eliminate the effect of unequal rates of carbon dioxide fixa­
tion, these investigators believed that leaves must be 
compelled to absorb the same amount of CC^ in red and in 
blue light, and the amount of incorporation of the carbon 
into the various fractions be examined. No effect of wave­
length of light was observed on the distribution of absorbed 
CO 2  between the ethanol - soluble and - insoluble fractions. 
Neither was there any evidence that red light stimulated 
synthesis of soluble sugar. Red light increased incorpora­
tion of CO 2  into glycine but had no effect on serine. Blue 
light brought about considerable decrease in CC^ fixation 
into glycine and some decrease into serine. Similar results 
have been obtained with Chlorella (25) where the addition of 
as little as 4°L blue light to red light had the same effect 
on the distribution of among the synthesized amino acids 
as irradiation with blue light alone.
6Horvath and Feher (26) have investigated the effect 
of light quality upon the nature of products of photosyn­
thesis in bean plants grown in the field. Light quality was 
obtained by placement of colored plastic foils over the 
frames which surrounded the plants. However, natural sun­
light was used as the source of illumination and in no 
case was any part of the spectrum fully removed. Under these 
conditions, and on the basis of the results obtained they 
concluded that light quality can influence the quality of 
the organic matter produced. Horvath and Szasz (27) have 
obtained results indicating that at low light intensities 
photosynthesis results in a higher proportion of nitrogen 
compounds, while at higher light intensities the formation 
of carbohydrates is dominant.
7MATERIALS AND METHODS
The plant growth room. One room of the newly con­
structed phytotron at the University of New Hampshire was 
devoted to this work. Situated below ground level, the 
complete shell of the phytotron (including floor, walls 
and ceiling) was constructed of concrete.
The room utilized for these experiments (Plate 1 
and Figure 1) was rectangular in shape and measured approxi­
mately 10 feet by 12 feet in size. Three of its 4 walls 
each consisted of 2 layers of plywood with styrofoam insul­
ation between while the fourth wall, the ceiling and the 
floor were the phytotron shell itself.
Environmental control. While plant material was 
being produced prior to the initiation of experiments, 
temperature and photoperiod were synchronized to provide a 
diurnal temperature of 21°C during the 16 hour illumination 
period and 16°C during the 8 hour dark period. During each 
experiment, a constant temperature of 21°C and constant 
illumination was maintained.
Temperature control was provided by refrigerated air 
conditioning units mounted within the room while the compressor 
units were located above ground. Before experimental work 
was initiated, a Leeds and Northrup Co. Micromax with 8 
sensing leads was used to determine temperature control 
throughout the room. Results indicated a maximum variation 
of average temperature at the various tables of + 2.0°C and 
a total variation of + 3.5°C between high and low readings in 
the room. While experiments were in progress, temperature 
control within the room was monitored and confirmed by a 
centrally located recording thermograph, manufactured by
Plate 1
"pr^ nm * _ i « -i _ oiled environment
oom m  which the experiments were conducted.
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Figure 1. Diagram of room in which the experiments were 
conducted. Arrangement of luminaire - table 
units is shown.
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Taylor Instrument Companies, which provided a continuous 
record of temperature fluctuations.
There was no humidity control on the air conditioner. 
However, with the use of an Airguide humidity indicator it 
was determined that humidity fluctuation was at a minimum.
The normal range of humidity readings was between 65 and 75 
per cent.
The carbon dioxide level in the room was not con­
trolled. However, all plants within a specific experiment 
were exposed to similar concentrations of CO^ (as well as 
humidity) at any given time due to air circulation within the 
room. The CO^ level within the room was determined on 
several occasions with a Liston-Becker Infrared Analyzer 
Model 15A and it was found to average approximately 300 ppm 
with fluctuation between 250 ppm and 360 ppm.
Equipment. Ten luminaire-table units were located 
in the room in 2 rows of 5 each with a center passageway 
(Plate 1 and Figure 1). Each unit consisted of four angle- 
iron legs to which a luminaire was permanently attached 
approximately 5 1/4 feet above the floor. Holes were pro­
vided in the legs at an interval of every 3/4 inch whereby 
the shelf consisting of an angle-iron frame supporting 1" X 
1" mesh hardware cloth (Plate 6) could be adjusted to any 
desired distance from the luminaire. White, enamel-coated 
window shades were suspended between each luminaire, thus 
separating the individual testing areas and eliminating un­
wanted light from adjacent areas. Shades were also hung at 
the end of the luminaires to eliminate light effects from 
the center passageway (Plate 1).
11
Each luminaire had sockets for six fluorescent lamps. 
The wiring was in a manner that the center two lamps operated 
as a pair, the outer two lamps as a second pair and the re­
maining two lamps as a third pair. Any combination of the 
three pairs of lamps could be operated at any time. All of 
the luminaires were automatically controlled by time clocks 
which were located on the exterior wall of the room. The 
ballasts used to operate the luminaires were also located on 
the exterior wall thus reducing the heat load within the 
room (Plate 1).
Light source. Fluorescent lamps were the source of 
light and energy in this study. Sylvania 48 inch Very High 
Output (VHO) fluorescent lamps in Warm-White (WW), Blue (B), 
Green (G), Red (R) and Gro-Lux Wide Spectrum (GLWS) were 
used in most of the experiments. The spectral energy dis­
tribution curves for these lamps may be seen in Figures 2-6. 
Gold and Pink lamps were used in a few preliminary investiga­
tions. In Table 1, the energy spectrum is divided into 
spectral bands, as proposed by the Dutch group (13,14), with 
the exception that their value of 720 mp has been modified 
to 700 rn^i. The total energy emitted by each lamp in each of 
the spectral bands is given in this table.
Measurement of light intensity. An Eppley thermo­
pile and a sensitive micro-voltmeter (Kintel Electronic Gal- 
vonometer, model 204A) (Plate 2) were utilized to make 
measurements of total energy. Readings of the intensities
which were in microvolts were converted to microwatts per
2
square centimeter (^uw/cm ) by dividing by a factor of 0.05 
































Figure 4. Spectral energy emission curve for F48T12/VH0/Green lamps.
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Table 1. Energy emission in arbitrary bands of the spectrum 
in percent of total emission.
Millimicrons WW B G R GLWS
Below 400 4.5 21.6 1.8 2.3 5.5
400 - 510 21.6 62.7 25.6 7.0 27.7
510 - 610 56.3 15.7 72.2 9.3 31.6
610 - 700 16.5 0.0 0.4 81.4 27.8
Above 700 1.1 0.0 0.0 0.0 7.4
Total 1Q0.0 100.0 100.0 100.0 100.0
18
Plate 2. Eppley thermopile and sensitive micro-voltmeter 
(Kintel Electronic Galvanometer, Model 204-A).
19
Plant material. Most of the experiments were con­
ducted with a horticultural bush bean, NH no. HRl = a
truebreeding selection from Phaseolus vulgaris L. "Flash"
X P. coccineus L., formerly P. multiflorus Willd. "White 
Runner", developed at the University of New Hampshire.
Ladino clover, a large type of White Clover (Trifolium 
repens L.) was used in a few experiments.
Containers. Freezer type, 1 1/2 pint capacity, 
polyethylene containers were used to grow the bean plants. 
There were 4 holes in the bottom of each container for 
drainage. The clover was obtained from a bench of clover 
growing in soil in a greenhouse. In the instances where 
leaves were floated on liquid medium, white enameled pans 
which measured 14" X 9" X 2" in size were used.
Medium. Terra-Lite brand vermiculite was chosen as 
the root medium for several reasons. It is light in weight, 
relatively inexpensive, sterile and closely resembles soil 
in many of its properties. Since vermiculite has almost no 
nutritive value, its use also eliminated the possibility of 
uneven plant growth due to differences in fertility level.
Growth of bean seedlings. Containers were filled 
approximately half full of vermiculite which then was firmly 
packed. Two grams of 5-10-10 fertilizer was sprinkled over 
the surface and vermiculite was added and packed to bring 
the level to the 3/4 mark. After two bean seeds were placed 
in each container, the containers were filled with vermiculite 
and firmed. Containers were then placed under warm-white 
light on the tables in the room and sufficient water added 
as necessary for germination.
20
Nutrient supply. A modification of Hoagland’s 
standard nutrient solution was used (Table 2). This nutri­
ent solution, in 100 ml portions, was applied to the surface 
of the vermiculite at the end of one week and thereafter 
every four days. The seedlings were watered with tap water 
as needed to maintain good growth.
Pre-experiment treatment of plants. Once seedlings 
had attained sufficient age and size as desired for the 
experiment, the containers of plants were placed in a dark 
cabinet for 48 hours in order to bring alcohol-soluble car­
bohydrate levels to a minimum. It was found that lesser 
time was not always sufficient to deplete the carbohydrate 
supplies and longer periods appeared to be somewhat damaging 
to the plants.
Treatment of plant material. Since this varied 
substantially with each of the several experiments, a 
detailed description will be given under each experiment.
Harvest of plant material. At the termination of 
each experiment, the plant material, as described in each 
experiment, was harvested and brought to the laboratory.
About 25 ml of 807, ethanol in a 125 ml sample jar was heated 
to a boil on a steam bath. The fresh plant material was 
then cut into pieces, plunged into the boiling alcohol and 
allowed to simmer for 3-5 minutes (4). The jars were then 
capped, cooled and stored.
Extraction of alcohol soluble portion of samples.
A sintered glass filter of medium porosity was used to 
separate the alcohol soluble and alcohol insoluble fractions. 
Filters were cleaned in potassium dichromate cleaning solu­
tion, thoroughly rinsed 5X with distilled water under vacuum, 
dried overnight (16 hours) at 105°C, removed to a desiccator 
to cool for 2 hours and then weighed.
21
Table 2
Modification of Hoagland*s Nutrient Solution (21,53) 





Micro elements in grams per liter 
(Stock Solution)
The chemicals below were dissolved in distilled 
water and made to a one liter volume at 20°C.








h 2m o o 4 .h 2o 0.020
Iron-A 5000 ppm stock solution of sodium ferric ethylene- 
diamine tetraacetate is made by dissolving 5 grams in water.
One liter of nutrient solution contains the major 
elements in addition to one milliliter of stock solution 
of micro elements and one milliliter of the iron solution.
22
The above harvested material was transferred to the 
50 ml metal container of a Sorvall omni-mixer, type OM and 
chopped at 16,000 rpm for two minutes since the material was 
found to be well chopped using this time span (46). The 
chopped material was then transferred quantitatively to the 
weighed filter and under vacuum the soluble portion was ex­
tracted. After several washings of the insoluble portion 
with 807> alcohol, the resulting soluble fraction was then 
transferred quantitatively to a 100 ml volumetric flask, 
made to volume, with 807> ethanol, transferred to the pre­
viously mentioned jars and stored for future analysis.
Determination of total dry matter of sample (52).
It is necessary to obtain the total dry weight of the sample 
in order to express the carbohydrate content as percentage 
of dry weight. The alcohol insoluble residue was dried 
overnight (16 hours) at 105°C. The filters were then removed 
from the oven, placed in a desiccator where they were allowed 
to cool for a period of 2 hours and weighed. A 20 ml aliquot 
of the alcohol extract, at the same temperature as when it 
was originally made to volume, was pipetted into the weighed 
50 ml beaker and all the liquid was evaporated off over a 
steam bath. The beaker was again dried overnight (16 hours), 
removed to the desiccator, cooled for 2 hours and weighed.
The former weight of the beaker was then subtracted from the 
latter. To obtain total soluble dry weight, the resulting 
value was then multiplied by the necessary factor, usually 5, 
since most alcohol soluble extracts were made to a volume 
of 100 ml. The values for the alcohol-insoluble and the 
alcohol-soluble portions were then added together to obtain 
total dry matter content of the sample. Percent soluble of 
total dry matter was then calculated by dividing the value 
for the soluble portion by the latter value.
23
Figure 7. Flow chart for extraction procedures and calcula­



























































soluble dry matter 
((4 - 3) x factor)
i----------------
Calculate alcohol 
insoluble dry matter 
(2 -  1)
Total dry matter
4
Calculate % soluble of total dry matter
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Determination of total sugars-Anthrone method. The 
method used for determination of total sugars was a modifica­
tion of that used by Deriaz (18). The reagent was made in 
the following manner: 380 ml concentrated H^SO^ was added
to 165 ml of water, cooled and transferred to a 500 ml 
volumetric flask. Then, 0.5 g thiourea and 0.5 g anthrone 
were dissolved in that respective order in the acid solution 
which was made to volume at 20°C and subsequently stored in 
a refrigerator.
Figure 8. Flow chart for Anthrone method of sugar determin­
ation.
Prepare reagent
Prepare glucose standard solution 
Prepare concentration transmittance curve 
Select samples for analysis
Transfer 10 ml aliquot of sample to 50 ml beaker
Evaporate on steam bath 
'J'
Add 0.4 ml neutral lead acetate solution 
•if
Make to volume, shake, allow to stand 10 minutes
Filter through dry Whatman no. 1 filter
Add pinch of sodium sulfate 
*
Refilter through dry Whatman no. 3 filter
Test for absence of lead 
*
Transfer 2 ml aliquot of clarified deleaded extract to test 
tube 
*
Add 10 ml Anthrone reagent, mix 
t
Place in boiling water for 15 minutes 
>l>




To obtain a concentration transmittance curve, ex­
actly 0.2000 g glucose was dissolved in water and diluted 
to 1 liter at 20°C. The following volumes of standard 
glucose solution were then accurately pipetted into test 
tubes and enough distilled water added from a burette to 
make a total of 2 m l . 
mis. standard
solution mis. water mg. glucose
0.00 2.00 =  0.00
0.25 1.75 = 0.05
0.50 1.50 = 0.10
1.00 1.00 =  0.20
1.50 0.50 = 0.30
The test tubes were placed in a cold water bath and 
10 ml of anthrone reagent added. The contents were then 
mixed by gentle swirling and the tubes were plunged into a 
boiling water bath and heated for 15 minutes, keeping the 
tubes capped to prevent evaporation. After the 15 minute 
treatment, the tubes were returned to the cold water bath. 
When cool, transmittance was read at 625 mp. in a Coleman 
Spectrophotometer model 14. The readings as percent trans­
mittance were plotted against concentration on semi-log paper.
Sugar determination was carried out by pipetting 10 
ml of alcohol extract into a 50 ml beaker and evaporating 
off the alcohol over a steam bath. When the volume became 
very low, a small amount of distilled water was added to 
prevent the sample from going to dryness. Once the odor of 
alcohol was gone, the solution was transferred to a 50 ml 
volumetric flask. The beaker was rinsed several times and 
the rinsings added to the flask. Then 0.4 ml of neutral lead 
acetate solution was added and the contents of the flask 
swirled, diluted to volume, and allowed to stand for 10 
minutes. The contents then was filtered through a dry
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Whatman no. 1 paper and a pinch of solid sodium sulfate was 
added to the filtrate to precipitate the excess lead. The 
solution was refiltered through a dry Whatman no. 3 paper 
and absence of lead in the filtrate was tested by adding a 
few crystals of sodium sulfate. If more precipitate appeared, 
another pinch of sodium sulfate was added and the filtrate 
refiltered since any trace of remaining lead would have 
caused a cloudy solution.
A 2 ml quantity of the clarified and deleaded ex­
tract was pipetted into a test tube which was placed in a 
cold water bath. Then, 10 ml of anthrone reagent was added 
and the procedure as described above, under the obtaining of 
a concentration-transmittance curve, was followed. A blank 
which contained 2 ml water and a check which contained 1 ml 
standard solution and 1 ml water were run in duplicate with 
each lot of unknowns.
The quantity of glucose in mg in the 2 ml aliquot 
was determined by reading from the previously prepared 
curve. This value was multiplied by the factor of 250 (25 x 
10) to obtain mg in the whole sample. This value was con­
verted to grams and the percentage of alcohol soluble sugar, 
expressed as glucose, in the total dry matter was calculated 
by division of this value by the total dry weight of the 
sample.
Where sugar concentrations varied markedly from 
those for which the general procedure as outlined above was 
used, it was necessary to alter the original volume of the 
extract, the volume of the aliquot of alcohol evaporated, 
the volume of the water solution and/or the quantity of de­
leaded extract used. In the case of high concentrations, a 
lesser amount of deleaded extract was used, and the volume 
brought to 2 ml by addition of distilled water. When any
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changes were made, it, of course, became necessary to change 
the multiplication factor accordingly. In all instances, 
after the alcohol had been evaporated from the extract, the 
determination was completed that day.
Separation of sugars by paper chromatography (4,52, 
72). A 10 ml aliquot of the alcohol soluble extract was 
pipetted into a 15 ml graduated, conical-bottom centrifuge 
tube and concentrated to less than one ml. A concentration 
apparatus, which can be seen in Plate 3, was devised for 
this purpose. It consisted of a hot water bath, Army 
Medical School Model; 12 pipets, Pasteur, disposable; 12 
extension clamps and clamp holders; several pinchcock clamps; 
2 funnel support stands; rubber tubing and a Neptune Dyna- 
Pump, model 81-012, with pressure-vacuum serrated hose con­
nections . The centrifuge tubes were placed in the warm 
water bath and by means of the pump, a constant jet of air 
was directed at the surface of the extract. Evaporation of 
the alcohol in this manner was very rapid.
Figure 9. Flow chart for chromatography.
Chromatography_
Prepare reagents
Transfer 10 ml aliquot of alcohol extract to tube 
I
Concentrate to less than 1 ml 
4-
Make to volume (1 ml), centrifuge
i
Prepare chromatography sheets, spot samples
4*
Hang sheets in jar, add solvent
4*
After 24 hours, remove sheets, dry in hood
4
Remove guide strips, develop, reattach to sheet
4-
Locate invisible sugar spots, dissect sheets 
Elute sugars from paper
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Plate 3. Apparatus for concentrating aliquots of alcohol 
soluble extracts.
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Once the extract had been reduced to the desired 
volume, it was brought to the 1 ml level by addition of dis­
tilled water. The centrifuge tubes then were placed in an 
International Clinical Centrifuge model CL and spun at 
highest speed (setting no. 7) for 5 minutes to separate the 
chlorophyll material from the extract. The extract then 
was decanted into small vials and stored until later the 
same day when spotting was done.
Sheets of Whatman no. 1 filter paper, 18" x 22 1/2", 
were cut into thirds thus producing 7 1/2" x 18" sheets for 
use in chromatography. A fold line was marked off 2 inches 
from one of the 7 1/2" margins of the paper and a second 
line (origin) was marked off one inch from the fold line.
Dots were placed along the origin line 3/4" from the edge of 
the paper and 1 1/2" between each other. Thus, a total of 
5 dots per sheet were provided as indicators for spotting.
On the 2 outside dots, 10 pi of sugar solution con­
taining 5 p g. per ^ il. each of sucrose, glucose and fructose 
was spotted and this area of the chromatography sheet was 
utilized as margin guide strips. From 5 to 100 jdl of con­
centrated extract was spotted on the center 3 spots along 
the origin line of the chromatography paper using a calibra­
ted micropipet and pipet thumbscrew control. A heat gun, 
model no. HG201B, by Master Appliance Corp. was used to aid 
in rapid drying of spots when a series of small spots were 
superimposed in order to obtain the desired quantity of 
material.
The edge of the paper opposite the spots was trimmed
to several sharp points and the area between the edge closest
to the spots and the fold line was shaped to fit the chrom­
atography trough. The prepared sheets, up to 8 at a time, 
were hung from the troughs in a 12" x 12" square chroma-
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tography jar and a solvent composed of ethyl acetate, 
pyridine, water (8:2:1) was added to the troughs. The glass 
cover was replaced onto the jar and about 12 hours later 
additional solvent was added.
After 24 hours, the chromatography sheets were re­
moved from the jar and hung on a line in a hood to dry for 
about 15 minutes. The two guide strips were removed and 
dipped in an indicator or developer solution composed of 
100 ml 857, isopropyl alcohol, 1.66 g phthalic acid and 0.75 
ml aniline. This is a dipping developer since the sugars 
are not soluble in the isopropyl alcohol. The chromatogram 
strip was run through the developer in a glass trough, the 
excess was squeezed off, and the strips were hung up to dry 
in the hood for a few minutes. Next, the strip was heated 
at 100°C for 10-15 minutes. The chromatogram then was in­
spected under UV light and the fluorescent spot showing 
the presence of sugar was marked. This is a developer for 
reducing sugars and showed the location of the glucose and 
fructose.
Resorcinol was used to locate the sucrose on the 
chromatogram. This dipping developer consisted of 200 mg 
resorcinol, 84 ml isopropyl alcohol and 16 ml 257, H^PO^.
The chromatogram strip was dipped in the same manner as 
before, hung up to dry for a few minutes, transferred to the 
100 C oven, and heated for 10-15 minutes, where upon the 
sucrose spots were highly visible as brown areas.
The guide strips were attached in proper relation 
to the center strip from which they had been removed and, 
with the aid of the spots in the guide strips, areas of the 
chromatogram where the invisible sugars were expected to be 
were marked. This main part of the paper then was dissected 
and each paper strip containing the sugar spot was trimmed 
to a point.
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An elution apparatus (Plate 4) was used to remove 
the sugar from the strips. The edge of a strip opposite the 
point was inserted between 2 microscope slides which were 
placed in one side of the trough. A test tube, marked at a 
volume of 1 ml, and supported by a styrofoam block was 
placed under the point of the paper. In the case of the 
sucrose containing strips, a drop of Wallerstein’s Red Label 
invertase (0.25 g dissolved in 25 ml water and stored in a 
refrigerator under toluene) was applied to the tip of the 
paper strip. The trough then was filled with water, a 
beaker of steaming water was placed under the trough, and 
the plastic cover put in place. An atomizer was used to 
spray mist through the hole in the end of the cover to sat­
urate the internal atmosphere and the hole restoppered. 
Approximately 1/2 to 3/4 ml of eluate was collected in the 
test tube in one hour.
In all cases the spotting and elution was done in 
duplicate. Also, a third set of spotting was done at 
closer interval on a chromatography sheet which was run along 
with the others in the jar and treated just as the others 
in duplicate. However this third sheet was dipped in its 
entirety for use as a visual reference of quantities of 
sugars present in the samples of unknowns that were eluted.
Determination of reducing sugars. - Nelson Colori­
metric Method (4). A modified version of the Nelson colori­
metric method for reducing sugars (37) was used to determine 
quantitatively the amounts of sucrose (previously treated 
with invertase), glucose and fructose eluted from the 
chromatography paper. The following reagents were necessary:
Copper solution: This was made in 2 parts which
were kept separately and mixed on the day of use in the 
proportions 25A to IB.
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Plate 4. Elution apparatus.
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Figure 10. Flow chart for Nelson colorimetric method for 
quantitative determination of reducing sugars.
Prepare reagents 
4
Prepare a transmittance curve for each sugar
Make eluted sample to volume (1 ml)
4
Add 1 ml copper reagent, mix, cap tubes 
4
Heat tubes in boiling water for 20 minutes
Cool (15-20 minutes)
4
Add 1 ml arsenomolybdate reagent, mix
4
Read transmittance
Part A. 25 g anhydrous Na^CO^, 25 g Rochelle Salt 
(sodium potassium tartrate), 20 g NaHCO^ and 200 g anhydrous 
^ £ 3 0 ^  were dissolved in approximately 800 ml water, diluted 
to 1 liter and stored above 20°C. If a sediment formed in a 
few days, it was filtered off.
Part B. A 157. CuSO^.S^O solution containing 1-2 
drops of concentrated per liter was prepared.
Arsenomolybdate solution: 25 g ammonium molybdate
was dissolved in 450 ml of distilled water and 21 ml of 
concentrated H^SO^ were added with mixing. Next, 3 g of 
Na^HAsO^.7^0, dissolved in 25 ml of water was added. The 
mixture solution was aged in an incubator at 37°C for 24 to 
48 hours before use, and stored in a brown bottle.
A concentration transmittance curve for each of the 
sugars (sucrose, glucose and fructose) was prepared in the 
following way:
A small quantity of each of the sugars was placed in 
weighing dishes and left overnight in a desiccator. A 
standard solution for each of the sugars was prepared by
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weighing out a 0.2000 g sample of the respective sugar 
which then was dissolved in distilled water and made to a 
volume of 1 liter at 20°C. From each standard solution, the 
following dilution series was prepared in test tubes.
mis standard 









One or two drops of invertase solution was added to 
the sucrose-containing tubes to hydrolyze the sucrose to 
invert sugar (52). For this purpose they were then allowed 
to stand for 4-5 hours at room temperature (approximately 
25°C). The tubes were placed in a cold water bath, 1 ml 
of copper reagent (A+B) was added to each tube and the 
contents mixed on a Vortex mixer. The tubes were capped 
with aluminum foil and heated in a boiling water bath for 
20 minutes. Then, they were returned to the cold water bath 
and cooled for 15 to 20 minutes. After cooling, 1 ml of 
arsenomolybdate reagent was added to each tube, the contents 
mixed on the Vortex mixer, and sufficient distilled water 
added to bring the volume to the 8 ml mark on the tube. The 
contents then were transferred to the cuvettes and percent 
transmittance was measured at 500 rryu in a Coleman spectro­
photometer, model 14. The percent transmittance values 
were plotted against concentration and the resulting trans­
mittance curve for each sugar then was used to determine 
concentration values in the samples eluted from the chromato­
graphy paper strips.
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Determinations on the unknowns eluted from the 
chromatography strips were carried out by bringing the 
eluate to a volume of 1 ml through addition of distilled 
water. The previously described procedure was followed to 
produce the color development in the tube contents which 
then was measured for transmittance in the spectrophotometer.
Perchloric acid extractable carbohydrate determina­
tions . The extraction procedure used was a modification of 
that of Pucher et al^  (44) presented by Whelan (67) . Four 
samples were done simultaneously in duplicate using 8 
conical-bottomed, 15 ml calibrated centrifuge tubes. The 
alcohol insoluble portion of plant material was ground in a 
Wiley mill with a n o . 30 mesh screen, collected, oven dried 
overnight at 100°C, and cooled. A 50-250 mg sample of oven 
dry material, 200 mg clean, washed, sharp sand and 4 ml dis­
tilled water were added to the centrifuge tube. The tube 
and contents were heated in a boiling water bath for 15 
minutes to gelatinize the starch. A stirring rod in each 
tube was used to stir the contents frequently to be sure 
that all dry matter was moist and treated with hot water.
After removal from the bath, the tubes were cooled rapidly 
to room temperature and placed in a water bath at 22°-25°C. 
Next, 3 ml perchloric acid (approximately 707>) was added 
rapidly to the tube with constant agitation. The tissue 
was ground against the lower wall of the tube with a stir­
ring rod for a minute or so at a time over a 15-20 minute 
period with each tube and contents being returned to the 
bath. Then, the stirring rod was removed, washed, and 
enough water added to the tube to bring the contents to the 
15 ml mark. After centrifugation in an International Clinical
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Centrifuge for 5 minutes at highest speed, the clear solu­
tion was decanted into a 50 ml volumetric flask. The tube 
was refilled to the 10 ml mark, the contents stirred, centri­
fuged a second time, and the clear solution again decanted 
into the volumetric flask, which was made to volume by 
addition of water.
Figure 11. Flow chart for determinations of perchloric acid 
extractable polysaccharide.
Grind insoluble plant material in Wiley mill
Oven dry, cool, weigh out samples
Add the following to a centrifuge tube:
50-250 mg sample oven dry powdered tissue 
200 mg clean washed sharp sand 
4 ml water




Remove, cool, place in water bath (22-25°C)
4*
Add 3 ml perchloric acid, agitate constantly
Grind tissue against wall of tube for 1-2 minutes at a time
over 15-20 minute period 
*
Wash rod, add water to 15 ml level in tube 
Mix contents, centrifuge (5 minutes)
4^
Decant clear solution into 50 ml volumetric flask
Refill tube with water, stir, centrifuge 
4
Decant clear solution into same flask 
Make to volume with water 
Analyse using Anthrone method
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Nitrogen determination - Nesslerization (57). 
Determinations of total N in the alcohol soluble and alcohol 
insoluble fractions of plant material were conducted in the 
following manner:
The color reagent, necessary for the method used, 
was prepared by dissolving 4 g KI and 4 g Hgl^ in 25 ml of 
water. Light colored pieces of gum ghatti to reduce the 
blank were selected and ground in a mortar. Then, 1.75 g of 
the gum ghatti powder was dropped into 750 ml of boiling 
water, refluxed until dissolved and cooled. The KI and Hgl^ 
solution was added to the gum ghatti solution which then was 
diluted to 1 liter and filtered. Filter paper was replaced 
periodically to speed filtration.
Figure 12. Flow chart for nitrogen determination.
Prepare reagents
Add the following to a small Kjeldahl flask:
Sample
2.8 ml conc. l^SO^




Transfer quantitatively to volumetric flask
I
Make to volume 
4*
Transfer aliquot to test tube
4-
Make to 2 ml volume with water 
*
Add 2 ^ ml color reagent 
Add 5 ml 1 N NaOH
\r
Mix, allow to stand for 15 minutes 
*
Read transmittance (490 m)i)
Prepare standard transmittance curve using 0.05, 0.1, 0.2, 
0.3, 0.4, 0.5 ml standard solution. Make each to 2 ml 
volume by adding water.
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The sample on which determination was to be made was 
added to a small Kjeldahl flask along with 2.8 ml conc.
H^SO^ and 1 g salt mixture (9 parts K^SO^ to 1 part CuSO^). 
Digestion was carried out on an electric Thomas Kjeldahl 
digestion rack, model 25, for one hour after the contents 
cleared. After digestion, the contents were transferred 
quantitatively to a volumetric flask with several washings 
of the Kjeldahl flask and made to volume.
An aliquot containing less than 40 jig N was placed 
in a test tube and the volume adjusted to 2 ml. Then, 2 ml 
of color reagent and 5 ml N NaOH were added, the contents 
mixed and allowed to stand for 15 minutes. The contents of 
each tube subsequently was transferred to a cuvette and per­
cent transmittance read in a Coleman model 14 spectrophotom­
eter. A blank was run with each sample group.
A standard curve was prepared using 0.4716 g of 
(NH^^SO^ in 1 liter of water. One ml of this thus con­
tained 0.1 mg (100 jig) N.
A 20 ml sample of alcohol soluble material or a 50 
mg sample of dry material was usually the sample size. The 
size of the volumetric flask varied between 25 ml and 100 ml, 
depending on the N content.
Experimental set-up for measuring rate of C0£ uptake.
Numerous investigators (5,7,8,32,36) have used infrared 
analyzers to measure CO 2  exchange for determining photosyn­
thetic and respiratory activities of plants and plant parts. 
The CO^ uptake measurements reported in this dissertation 
were made using a Liston-Becker Infrared Analyzer, Model 15A 
incorporated into a closed system. The importance of a 
closed system for the study of assimilation was emphasized 
in 1926 by Bolas (6).
39
The experimental set-up for this experiment consisted 
of a Liston-Becker Infrared Analyzer and Amplifier, Esterline- 
Angus Recorder, Brooks Sho-Rate "50" flow meter, Dyna-Pump, 
and a plexiglas plant chamber (Plate 5). Tygon tubing was 
utilized to connect all of the components into a closed 
system. Also, tanks of prepurified ^  gas and CO^ of known 
concentration blended in prepurified ^  gas were connected 
into the system. Fine control over the gas discharge was 
obtained through use of Matheson no. 8-320, two-stage regu­
lators which could be opened or closed for calibration of 
the system and for increasing or decreasing the concentra­
tion of CO 2  in the system when necessary. Air was circulated 
in the closed system by the Dyna-Pump at a rate of 4 cubic 
feet per hour as measured by the Brooks Sho-Rate "50" flow 
meter.
A close up view of the plexiglas plant chamber is 
available in Plate 6. Inside dimensions of the chamber are
23.5 x 13.3 x 14.3 cm., thus having a volume of approximately
4.5 liters. Whenever measuring the CO^ uptake, the top of 
the chamber was sealed with Dow Corning high vacuum grease 
and clamps were secured across each end, thus providing an 
airtight seal.
Descriptions of the Infrared Analyzer and operating 
procedures are outlined in the Beckman Instruction Manual 
(3). The essential features and the operating principle 
summarized here can be seen by referring to other references 
(3,58) where a simplified diagram of the analyzer unit is 
presented. The analyzer consists of 2 infrared energy sources, 
an energy beam chopper, a sample cell, a reference cell, and 
the detector containing a sensitive diaphragm-condenser.
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Recorder
Plate 5. Liston-Becker Infrared CO^ analyzer and related 
equipment.
Plate 6. Plexiglas plant chamber used in measuring
uptake is shown resting on wire table beneath 
a luminaire. Plant material is sealed within 
the chamber.
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Infrared radiation is emitted by the two sources and 
chopped by a light chopper. The chopped beams pass through 
the sample cell filled with sample and the reference cell 
filled with reference material to the detector chambers.
The windows transmit infrared but prohibit the free movement 
of gas. The two detector chambers are filled with the gas 
to be analyzed (CC^). As the CO^ absorbs infrared energy it 
tends to expand exerting pressure on the diaphragm which 
moves. The diaphragm and the stationary electrode form a 
condenser whose capacitance changes as the distance between 
the plates changes. A radio frequency voltage is applied 
across this capacitor, and a very small movement of the 
diaphragm produces a useable signal which is amplified and 
sent to the recorder for permanent record.
The air or gas to be analyzed is drawn continuously 
through the sample cell. With no CO^ , in the sample tube, 
the instrument is adjusted to indicate equal pressures on 
the two sides of the diaphragms. Thereafter, any CO^ in the 
sample tube will absorb energy and thus reduce the amount of 
energy reaching the corresponding detector chamber, and the 
resulting pressure difference causes movement of the diaphragm. 
The controls and a meter are mounted on the amplifier case.
CO^ analysis. As pointed out under "Experimental 
set-up for measuring rate of CO^ uptake", an Infrared Analy­
zer was used to measure rate of CO  ^ uptake as influenced by 
buildup of levels of photosynthates in detached leaves. Prior 
to measurement of CO 2  uptake, the Infrared Analyzer was cali­
brated with gases of known concentration. In preparation 
for the calibration operation, the entire analyzer was 
warmed up over night in the experimental growth room with 
all switches in the "on" position. was used to obtain
the zero point on the recorder and 600 ppm CO 2  in
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base was used to obtain the 100 point or full scale deflec­
tion on the recorder. For calibration purposes, the "closed 
system" was left open at the analyzer sample outlet position 
where the end of the attached tube was placed in water and 
the gas allowed to flow through at a rate of 4 cubic feet 
per hour. Both the zero and 100 points were rechecked 
several times. After this an intermediate concentration of 
CO 2  (300 ppm) was used to obtain an intermediate point and a 
calibration curve was drawn from which the concentration of 
CO 2  in the range of zero to 600 ppm could easily be read.
After instrument calibration was completed, the 
plant material was sealed in the plant chamber (Plate 6).
CO 2  was flushed through the system to bring the CO 2  level to 
600 ppm (full recorder deflection). Upon reaching this 
value the CO 2  input from the tank was cut off, the system 
closed and the Dyna-Pump started. The chamber was placed 
on a table under the fluorescent lamps and CO 2  uptake was 
allowed to proceed for one hour.
The lines on the recorder charts for the dimensions 
of time are curved, therefore, points for each ten minutes 
were read and converted to CO 2  values in ppm utilizing the 
calibration curve. The utilization of this data will be 
covered under the experiments involved.
Statistical treatment. The data obtained from the 
experiments were subjected to an analysis of variance test 
as in Steel and Torrie (47). When the F value was signifi­
cant, comparisons among treatment means were made by appli­
cation of Duncan’s new multiple range test (19) . The 57o 
level of significance was used throughout.
The suggestions presented in the style manual for 
biological journals (15) were followed in the preparation 
of this manuscript.
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INVESTIGATIONS, RESULTS AND DISCUSSION
Preliminary investigations. Leaves harvested from 
bean plants growing in a greenhouse were utilized to famil­
iarize the author with the Anthrone Method of sugar deter­
minations and to adapt this method to our equipment. The 
procedure selected is outlined in the "Materials and Methods" 
section of this dissertation. Familiarity with extraction 
procedures and calculations of percent soluble of total dry 
weight also was gained using this plant material.
Among the early factors considered were the questions 
relative to whether the alcohol soluble carbohydrate levels 
in the leaves could be reduced to a minimum threshold level 
by an extended exposure to darkness and, if so, the length 
of treatment necessary. These questions resulted from our 
decision to attempt to create a low level carbohydrate 
threshold value from which to follow changes in subsequent 
levels as a result of various experimental treatments. Re­
sults of several tests indicated that with a 48 hour dark 
treatment the total alcohol soluble carbohydrate levels on 
the basis of percent of total dry weight were reduced to 
values of the order of one percent. Perchloric acid ex- 
tractable carbohydrate (essentially starch) levels in the 
alcohol insoluble fractions were reduced to a value ap­
proaching zero.
Several preliminary investigations were conducted in 
order to gain some insight concerning the response of sugar 
levels to various treatments of light intensity, quality and 
duration of exposure. The first of these experiments involved 
detached bean leaves floated on distilled water while exposed
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to one of 6 light qualities (red, blue, green, warm white, 
yellow or pink) for a period of approximately 72 hours.
Bean plants were grown from seeds as outlined in the
"Materials and Methods" section. When leaves at the first
trifoliate leaf node were nearly fully expanded, the plants
were placed in a dark chamber for 48 hours to reduce alcohol
soluble carbohydrate levels to a minimum. White enamel pans,
as previously described, were placed on the various tables
at a level such that each would receive an intensity of
2
about 400 juw/cm . After the 48 hour dark treatment, the 
plants were removed from the chamber and leaflets of the 
first trifoliate node were detached. These leaflets were 
chosen at random, placed on the distilled water which partial­
ly filled each pan and were allowed to float for about 72 
hours with continuous illumination. The leaflets subsequently 
were harvested and separated into alcohol soluble and insol­
uble fractions by extraction methods as previously described. 
Each treatment was replicated twice with two subsamples per 
replicate.
The Anthrone Method was used to determine the 
quantity of alcohol soluble sugars present measured as glucose 
and the resulting data can be seen in Table 3. The percent 
soluble of total dry weight values were not significantly 
different for any of the color means due to the variability 
between replicates particularly with respect to the color 
yellow. However, the percentage value was higher for the 
material exposed to warm white and red illumination than 
for the material exposed to green and blue.
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Table 3. Percent of total dry weight which was alcohol 
soluble and percent of total dry weight as alcohol soluble 
carbohydrate in bean leaves floated on water under red, 
yellow, pink, green, blue and warm white fluorescent lamps 
at 400 juw/cm2 for 72 hours.
A. Percent of total dry weight which was alcohol soluble. 
F value: reps. 0.001 n.s., colors 3.45 n.s.
WW Y R G P B
Rl 40.65 37.29 38.19 36.68 36.84 35.60
R2 41.41 42.23 36.87 35.91 34.95 34.13
X 41.03 39.76 37.53 36.29 35.89 34.86
B. Percent of total dry weight as alcohol soluble carbo­
hydrate .
F value: reps. 2 .11 n.s., colors 96.06*
G B Y R P WW
Rl 11.28 9.22 12.54 10.42 7.76 7.72
19.02 14.89 10.00 8.33 9.21 6.37
R2 13.81 10.58 10.81 9.73 9.14 5.52
13.81 14.51 11.15 7.97 7.93 7.21
X 14.48 12.30 11.12 9.11 8.51 6.70
*Significant at the 57, level.
Underscoring: Any two means underscored by the same line
do not differ significantly.
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There was a significant difference among the means, 
with respect to the percent of total dry matter as alcohol 
soluble sugars, for most of the colors of illumination in­
volved. Green produced the highest value followed by blue, 
yellow, red, pink and warm white in that order. Only the 
means for red and pink did not differ significantly and this 
could be expected considering their somewhat similar energy 
emission curves. In view of the low initial alcohol soluble 
carbohydrate level nearing one percent, it was notable that 
the means for green and blue reached 14.48 and 12.30 respec­
tively, with one subsample as high as 19.02 for green under 
the conditions described.
It was decided to repeat this work but with a shorter 
period of illumination and determine the results. All pro­
cedures followed were similar to those previously presented. 
The plant material was harvested at the end of a 48 hour 
illumination period and the alcohol soluble fraction analyzed 
for total sugar content. The data can be observed in Table 
4. Again, for percent of total dry weight, which was 
soluble, the means were not significantly different for any 
of the colors. Also, in respect to percent of total dry 
matter as alcohol soluble carbohydrate, there were not as 
many means significantly different from each other. The 
mean for blue was significantly higher than all others and 
the value for green, again, was relatively high. All of the 
means were reduced from the values in Table 3.
Our next effort was to explore the results obtained
2
with twice the intensity (800 jm/cm ) at one half the ex­
posure duration (24 hours). All plants were grown, leaves 
treated, harvested, and the alcohol soluble fraction analyzed 
as before. The resulting data can be observed in Table 5.
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Table 4. Percent of total dry weight which was alcohol 
soluble and percent of total dry weight as alcohol soluble 
carbohydrate in bean leaves floated on water under red, 
yellow, pink, green, blue and warm white fluorescent lamps 
at 400 jaw/cm^ for 48 hours.
A. Percent soluble of total dry weight which was alcohol 
soluble.
F value: reps. 1 .59 n.s.., colors 1.29 n.s •
P WW G Y R B
Rl 44.02 44.28 44.48 40.54 38.46 36 .86
R2 44.08 43.21 42.06 44.73 42.13 42 .51
X 44.05 43.74 43.27 42.63 40.30 39 .68
B. Percent of total dry weight as alcohol soluble carbo­
hydrate .
F value: reps. 6.59 n.s., colors 15.08*
B P G R WW Y
Rl 7.21 5.82 6 .44 6.41 5.71 5.74
7.69 6.13 6.13 5.93 5.57 5.74
R2 7.14 5.78 5.76 5.62 5.71 5.11
7.14 6.06 5.45 5.62 5.71 4.79
X 7.29 5.95 5.94 5.89 5.67 5.34
*Significant at the 5% level.
Underscoring: Any two means underscored by the same line
do not differ significantly at the 57o level.
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Table 5. Percent of total dry weight which was alcohol 
soluble and percent of total dry weight ais alcohol soluble 
carbohydrate in bean leaves floated on water under red, 
yellow, pink, green, blue and warm white fluorescent lamps 
at 800 juw/cm^ for 24 hours.
A. Percent soluble of total dry weight which was alcohol 
soluble.
F value: reps • 0.60 n.s,. , colors 0.12 n. s .
G B R Y P WW
Rl 35.06 31. 63 29.97 30.05 30.94 29.13
R2 27.40 30. 25 31.47 31.25 30.05 29.88
X 31.23 30. 94 30.72 30.65 30.50 29.50
B. Percent of total dry weight as alcohol soluble carbo­
hydrate .
F value: reps. 0 .12 n.s., colors 1.35 n.s •
R WW B P Y G
Rl 6.94 5.50 5.57 6.03 5.05 5.19
6.31 5.50 6.02 5.70 5.46 5.68
R2 6.12 5.98 5.41 5.05 5.59 5.14
6.47 7.37 5.10 5.05 5.26 5.14
X 6.460 6.087 5.525 5.457 5.340 5.287
*Significant at the 57° level.
Underscoring: Any two means underscored by the same line
do not differ significantly at the 57° level.
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Although the means for the percent soluble of total dry 
weight were not significantly different from each other, the 
values for green and blue were highest, whereas, in the first 
of these experiments the means for these colors had been 
among the lowest values. There was no significant differ­
ence among the means for percent of total dry weight as 
alcohol soluble carbohydrate; however, the means for red 
and warm white were highest, whereas, those for blue and 
green had been highest at the lower intensity. This pattern 
at this intensity will show itself again, later. It is 
notable, also, in these data, that the range of values for 
the means are similar to those means in the previous experi­
ment where intensity was one half and length of exposure 
was doubled„
At this point, it was decided to determine if two 
species, bean and clover, responded similarly to illumina­
tion with respect to values of percent of total dry weight 
as alcohol soluble carbohydrate. Both clover and bean 
possess the trifoliate leaf but are not of the same genus.
The bean plants were grown and provided with pre-experimental 
dark treatment as before. Clover leaves were obtained from 
a greenhouse bench of clover, a portion of which had been 
covered with corrugated cardboard boxes for a period of 48
hours. The plant material was exposed to 4 colors of illumi-
2
nation (red, warm white, green and blue) at 400 juw/cm for 
48 hours, harvested, and analyzed as in previous experiments. 
The data are presented in Table 6. There were no significant 
differences between the color means for percent of dry weight 
as alcohol soluble carbohydrate for either bean or clover, 
in this instance, due to variability. However, the mean 
for blue was the highest for both species and was in agree­
ment at this intensity with previous experiments. The one
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striking point which is observed in the data is that the 
values of the means for clover are approximately double 
those for beans and the difference between species was highly 
significant.
Table 6. Percent of total dry weight as alcohol soluble 
carbohydrate in bean and clover leaves floated on water 
under red, green, blue and warm white fluorescent lamps 
at 400 ^iw/cm2 for 48 hours.
A. Beans
F values: reps. 0.21 n.s., colors 7.43 n.s.
B WW R G
Rl 7.91 8.23 7.06 6.31
R2 8.80 8.46 5.86 5.76
X 8.355 8.345 6.460 6.035
B. Clover
F values: reps. 0.20 n.s., colors 0.76 n.s.
B WW G R
Rl 16.99 16.52 13.65 15.95
R2 18.44 14.86 17.35 14.72
X 17.715 15.690 15.500i 15.335
G. Analysis of combined data.
F values: reps. 0.04 n.s., colors 3.76 n.s., species
233.53*
*Significant at the 5% level
Underscoring: Any two means underscored by the same line
do not differ significantly.
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Another similar experiment using bean and clover
material was conducted with pretreatment handling of plant
material identical to the previous experiment. The leaves,
then, were exposed to 3 illumination colors (red, blue and
2
green) at an intensity of 1600 yuw/cm for a 52 hour period
of continuous light, harvested, and analyzed. In this
experiment the analysis was handled in a slightly different
manner. The material from the 2 replicates for a particular
species and light quality was combined and analysis was
completed on 2 subsamples from the combined plant material.
The data may be observed in Table 7. Means for percent
of total dry weight as alcohol soluble carbohydrate for
each color were significantly different from all others for
both species. Means for blue exceeded those for red as
2
was true at the 400 juw/cm intensity. Again, the means for 
clover, which were at a remarkably high value, were approxi­
mately twice those for bean, confirming the data from the 
previous experiment.
The last in the series of preliminary investigations 
was designed to answer several questions at the same time.
We wished to know if there was significant variability in 
results between leaves harvested from different plants, 
between leaves harvested from different nodes of the same 
plant, between leaflets of the same node, and between analysis 
on the same extract accomplished at different dates.
Bean plants were grown as previously cited. When 
the plants were about 5 weeks old and the leaflets at the 
first trifoliate node were approximately fully expanded, the 
plants were placed in darkness for 48 hours. Then, leaves
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Table 7. Percent of total dry weight as alcohol soluble 
carbohydrate in bean and clover leaves floated on water  ^
under red, blue and green fluorescent lamps at 1600 p / c m  
for 52 hours.
A . Beans
F values: subsamples 3.93 n.s., colors 1265.71*
G B R
SSI 14.76 12.79 11.50
SS2 14.62 12.62 11.50
X 14.690 12.705 11.500
B. Clover
F values: subsamples 0.00 n.s., colors
B G R
SSI 27.60 26.50 24.30
SS2 27.60 26.50 24.30
X 27.60 26.50 24.30
C. Analysis of combined data.
F values: reps. 0.01 n.s., colors 11.74*, species
731.46*
*Significant at the 5% level.
Underscoring: Any two means underscored by the same line
do not differ significantly.
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were harvested from the bifoliate node (first node) and first 
trifoliate node (second node) and floated on water under warm 
white light at 400 pw/cm for 24 hours and harvested. The 
data is presented in Table 8. An analysis of the data 
showed that there was a significant difference in the 
results between plants.
Table 8. Summary of variability in results of analysis 
of levels of percent total dry weight as alcohol soluble 
carbohydrate for leaves floated on water under warm white 
light at 400 ^uw/cm^ for 24 hours with respect to plants, 
leaves, days and plants x leaves interaction.
F values: Plants 18.90*, leaves 176.00*, days 0.17 n.s.,










2 3 5.20 4.65
4 8.94 10.19
5 10.04 10.94
Leaf no. 5 4 2 1 3
X 9.87 9.20 5.16 5.02 4.63
*Significant at the 5% level.
Underscoring: Any two means underscored by the same line
do not differ significantly.
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In regard to the leaf numbering in Table 8, numbers 
1, 2, and 3 correspond to the left, center, and right leaf­
let, respectively, of the trifoliate leaf with the upper 
surface upright and the petiole toward the observer. Numbers 
4 and 5 correspond to the leaves at the bifoliate node.
There was a significant difference in results between leaves, 
but it was shown that this difference was for leaflets 
between nodes and not between leaflets from the same node, 
although, there was some variability with respect to these 
values, also. There was no significant difference between 
results regarding the date on which analysis was accom­
plished and the variation was very small. Neither was there 
any significant difference in plants x leaves interaction.
This experiment pointed out that one can expect a 
marked difference in results when leaves of different ages 
are used and the necessity of using leaflets of the same 
node, age, and size. Also, it points up the need to harvest 
many leaflets and randomly distribute them, several per 
sample, to attempt to overcome the significant variability 
between plants.
At this time it was decided that it would be more 
meaningful to separate the alcohol soluble carbohydrate 
fraction into the component sugars in order to Obtain quali­
tative information. Separation into the various components 
by paper chromatography was selected as the method of quali­
tative analysis. The Nelson colorimetric method was chosen 
to determine sugars quantitatively. All of these procedures, 
as modified for our work, are described in detail in the 
"Materials and Methods" section.
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Using the chromatographic and elution techniques, 
as described, recovery of known concentrations of sucrose, 
glucose and fructose were approximately 95-987. complete as 
determined by the Nelson colorimetric method. Chromatographic 
separation of alcohol soluble extracts of unknown composition 
accompanied by solutions of known sugars showed that sucrose 
was the major component of the sugars present. There were 
substantial quantities of glucose and lesser amounts of 
fructose. No other sugars could be detected on the chromat­
ograms .
In order to determine if any sugar was escaping 
from the severed end of the petiole while the leaves were 
floated on water, a large quantity of leaves were placed 
in a white pan under warm white light and allowed to remain 
for 48 hours. The 2 liter quantity of water on which the 
leaves were floated was concentrated with a vacuum evapora­
tor to approximately a 2 ml volume and various quantities 
up to 100 microliters were spotted and chromatographed. No 
evidence of any sugar was observed. Also, the petioles of 
several leaves were placed in a vial of water and exposed to 
warm white illumination for 24 hours. Several samples were 
pooled, concentrated, and analyzed both with the Anthrone 
method and by paper chromatography. In both cases no evi­
dence of sugar could be observed. Thus, we were convinced 
that no significant loss of sugars occurred.
Light quality, intensity and duration of treatment.
The effect of several environmental factors at one time 
upon the qualitative and quantitative composition of the 
alcohol soluble fraction of the leaves exposed to these 
conditions was examined. Five light qualities were chosen 
for inclusion in the experiment since 10 tables were avail­
able in the controlled environment room and each color was
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replicated twice. The color warm white was included to act
as a control. The three principal colors (red, green and
blue) were logical selections. The fifth color included was
the Gro-Lux Wide Spectrum which has been on the market for
only a limited period of time and we wished to know more
about it, particularly with respect to a comparison of
results with those produced by red and warm white light.
In view of results from previous experiments, two intensi-
2
ties (700 and 1400 juw/cm ) were selected and it was decided 
to consider 4 periods of exposure (24,48,72 and 96 hours).
The 5 light qualities were ramdomly assigned to the 
5 tables on each side of the room. The low intensity was 
obtained by adjustment of the table to the proper distance 
from the respective luminaire. The high intensity was 
achieved by placement of a series of blocks or boxes between 
the table and the pan, thus, moving it closer to the lumi­
naire. The half of the table closest the center walkway 
was used for low intensity while the half closest the wall 
was reserved for high intensity illumination„
Bean plants were grown and subjected to a 48 hour 
pretreatment dark period as previously described. Approxi­
mately fully expanded leaflets from the first trifoliate 
node were obtained and placed in a pile. Then, by random 
selection, 22 piles of 12 leaflets each were obtained, 20 
piles of which were placed in the pan, one pile per pan, to 
float on the water. The remaining 2 piles were harvested and 
the material used to determine values of various components 
at the initiation of the experiment. From each pan at the 
end of each 24 hour period the 3 leaflets closest to the 
center passageway of the room were selected for harvest and 
plunged into boiling 80% alcohol for 5 minutes and stored.
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Later, the plant material was separated into alcohol 
soluble and insoluble fractions and values of percent soluble 
of total dry weight were calculated for all material. A 
summary of the data is presented in Table 9. At the low 
intensity the values increased through the 72 hour period, 
but, in general, receded at the 96 hour period. At the 
high intensity the values increased considerably with 
general increase through the 96 hour period. The values 
for blue were consistently highest. For clover, in an ex­
periment not included in this thesis, the percent soluble 
of total dry weight at the start of the illumination 
period was 39.14 (mean of 2 replicates) but increased to 
the middle to high 40* s at the end of 24 hours at 700 ^tw/cm 
only to decrease to the mid to low 30* s by the end of 96 
hours. The response was quite different from that of bean.
Utilizing the already mentioned techniques of con­
centration, paper chromatography, elution, and the Nelson 
colorimetric method for quantitative sugar determination, 
all the alcohol soluble samples were analyzed for levels of 
sucrose, glucose and fructose. The values for these 3 
sugars were then combined and used as the value of total 
sugars. A summary of the results can be seen in Table 10.
The relation of total sugar values with respect to the 
factors of quality, length of exposure, and intensity can 
be seen in Figures 13 and 14 where a three dimensional model 
may be observed for each intensity. A number of interesting 
observations can be made. At the end of the 24 hour period 
of illumination the total sugar values at high intensity 
are more than double those values at low intensity. A l ­
though the values of all the sugars are increased to some 
extent at the higher intensity, most of the increase is 
attributable to much higher sucrose levels. The total sugar
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Table 9. Summary of percent of total dry weight which was 
alcohol soluble for bean leaves exposed to 5 light qualities, 
2 light intensities, 4 length of time periods, replicated 
twice. (Initial values): 27.95, 29.59.
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Table 10. Summary of sucrose (S), glucose (G), fructose (F) 
and total sugar (T) levels in bean leaves floated on distil­
led water under 5 light qualities and 2 light intensities 
for 4 lengths of exposure.
2
A. Low intensity - 700 jiw/cm
24 hours 48 hours
Rl R2 X Rl R2 X
S 2.72 2.26 2.49 5.11 4.74 4.92
GLWS G 1.61 1.29 1.45 3.58 3.26 3.42
F 0.45 0.34 0.39 1.24 0.84 1.04
T 4.78 3.89 4.33 9.93 8.84 9.38
S 2.12 2.28 2.20 4.00 3.38 3.69
G G 1.30 1.30 1.30 3.09 3.01 3.05
F 0.26 0.35 0.30 0.95 0.82 0.88
T 3.68 3.93 3.80 8.04 7.21 7.62
S 3.04 2.14 2.59 6.59 4.94 5.76
R G 1.83 1.60 1.71 3.20 2.75 2.97
F 0.56 0.54 0.55 1.26 0.57 0.91
T 5.43 4.28 4.85 11.05 8.26 9.64
S 2.38 2.51 2.44 4.80 5.07 4.93
WW G 1.22 2.12 1.67 3.85 2.86 3.35
F 0.33 0.51 0.42 1.10 0.70 0.90
T 3.93 5.14 4.53 9.75 8.63 9.18
S 1.76 2.23 1.99 3.16 4.19 3.67
B G 1.09 1.38 1.23 3.16 2.56 2.86
F 0.10 0.30 0.20 0.58 0.67 0.62
T 2.95 3.91 3.42 6.90 7.42 7.15
72 hours 96 hours
S 8.57 6.76 7.66 13.54 13.21 13.37
GLWS G 4.02 4.35 4.18 4.62 5.67 5.14
F 1.45 1.56 1.50 1.90 2.51 2.20
T 14.04 12.67 13.34 20.06 21.39 20.71
S 6.88 4.38 5.63 13.82 7.60 10.71
G G 5.48 3.30 4.39 6.29 5.58 5.93
F 2.07 0.93 1.50 2.06 1.64 1.85
T 14.43 8.61 11.52 22.17 14.82 18.49
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Table 10 (cont’d.)
72 hours 96 hours
Rl R2 X Rl R2 X
s 6.84 8.49 7.66 20.19 13.60 16.89
G 3.92 3.89 3.90 5.23 4.95 5.09
F 1.54 1.52 1.53 2.83 2.02 2.42
T 12.30 13.90 13.09 28.25 20.57 24.40
S 7.81 7.28 7.54 11.79 13.09 12.44
G 4.59 4.17 4.38 4 o 79 6.43 5.61
F 1.77 1.45 1.61 2.40 2.51 2.45
T 14.17 12.90 13.53 18.98 22.03 20.50
S 5.04 5.15 5.09 8.13 8.04 8.08
G 6.04 5.15 5.59 5.94 5.36 5.65
F 2.42 1.50 1.96 1.74 1.76 1.75
T 13.50 11.80 12.64 15.81 15.16 15.48






GLWS G 2.18 2.00 2.09 3.45 3.59 3.52
F 0.52 0.67 0.59 1.12 1.20 1.16
T 8.92 10.05 9.48 12.56 13.63 13.09
S 5.91 6.00 5.95 7.66 8.50 8.08
G G 2.04 2.71 2.37 4.12 3.37 3.74
F 0.14 0.71 0.42 1.38 0.99 1.18
T 8.09 9.42 8.74 13.16 12.86 13.00
S 5.51 6.24 5.87 9.73 10.11 9.92
R G 1.96 2.50 2.23 3.31 3.68 3.49
F 0.64 0.64 0.64 1.56 1.39 1.47
T 8.11 9.38 8.74 14.60 15.18 14.88
S 7.56 7.59 7.57 9.35 9.94 9.64
WW G 1.99 2.54 2.26 3.46 3.98 3.72
F 0.38 0.85 0.61 1.02 1.17 1.09
T 9.93 10.98 10.44 13.83 15.09 14.45
S 6.16 5.71 5.93 8.30 10.52 9.41
B G 2.45 2.85 2.65 4.06 4.77 4.41
F 0.44 0.46 0.45 1.25 1.38 1.31
T 9.05 9.02 9.03 13.61 16.67 15.13
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Table 10 (Cont’d.)
72 hours 96 hours
Rl R2 X Rl R2 X
S 14.22 11.61 12.91 20.02 16.65 18.33
GLWS G 4.74 3.08 3.91 5.34 4.59 4.96
F 2.23 1.40 1.81 2.84 2.32 2.58
T 21.19 16.09 18.63 28.20 23.56 25.87
S 9.66 10.22 9.94 17.36 14.88 16.12
G G 2.87 3.53 3.20 5.48 3.94 4.71
F 0.69 1.42 1.05 2.35 1.90 2.12
T 13.22 15.17 14.19 25.19 20.72 22.95
S 11.70 11.70 11.70 15.97 15.84 15.90
R G 4.21 4.21 4.21 4.91 4.19 4.55
F 1.62 1.62 1.62 1.76 2.03 1.89
T 17.53 17.53 17.53 22.64 22.06 22.34
S 10.87 11.27 11.07 16.96 16.42 16.69
WW G 3.96 4.27 4.11 5.24 5.06 5.15
F 0.96 1.91 1.43 2.44 2.02 2.23
T 15.79 17.45 16.61 24.64 23.50 24.07
S 11.74 11.28 11.51 18.17 20.67 19.42
B G 3.96 5.11 4.53 5.79 5.66 5.72
F 1.17 1.93 1.55 2.93 3.01 2.97
T 16.87 18.32 17.59 26.89 29.34 28.11
0 hours
Rl R2 X
S 0.70 0.72 0.71
G 0.31 0.23 0.27
F 0.13 0.14 0.13





























Figure 13 Relation of total sugar values to the factors of 
quality and length of exposure at an intensity 




































Figure 14. Relation of total sugar values to the factors
of quality and length of exposure at an intens­










values at 700 juw/cm after 48 hours of illumination approxi-
2
mate those values at 1400 jm/cm at the end of 24 hours 
indicating an intensity times duration multiplication 
factor.
At low intensity the total sugar values show a 
somewhat steady increase from period to period with a higher 
increase between 72 and 96 hours. For the high intensity 
data there is a rapid increase within the first 24 hours.
In general, the rate of increase declines during the second 
24 hour period and particularly during the third period 
only to resume between 72 and 96 hours of illumination. At 
the lower intensity, red, warm white and Gro-Lux Wide 
Spectrum lamps consistently produced the highest values for 
total sugar while total sugar values for blue and green 
lamps were somewhat lower for all time periods at this 
intensity. At the higher intensity there was much more 
variability. The total sugar values for blue and Gro-Lux Wide 
Spectrum were highest after 72 and 96 hours of exposure.
Quite probably, the intensity may have been above optimum 
with respect to the other 3 light qualities.
In all instances, fructose levels remained relative­
ly low for all combinations of color, intensity and time 
periods involved. In most cases, the sucrose level was 
highest of the 3 sugars; although, at low intensity, the 
glucose levels approached or exceeded the sucrose levels for 
blue and green light after 48 and 72 hours of illumination. 
Only in relatively rare instances does the glucose level 
reach much above 5.0 percent of total dry weight.
One striking observation concerning the data is the 
high values after 96 hours of illumination. It seems almost 
incredible that 25 to 30 percent of the total dry weight of
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the leaf is composed of sucrose, glucose, and fructose but 
the entire pattern is here to be seen.
An examination was made of the starch levels of the 
leaves as related to intensity of illumination and length of 
exposure. The perchloric acid extraction method as des­
cribed in the "Materials and Methods" section was selected 
for this work since we were interested in the carbohydrate 
levels (primarily starch) which were extractable from the 
alcohol insoluble fraction by acid hydrolysis. The Anthrone 
method was used to analyze for starch hydrolysed to glucose.
The alcohol insoluble fractions for the color Gro-Lux
Wide Spectrum were analyzed for each of the 4 time periods
at both intensities. Two subsamples from each replicate
were analyzed and the data are summarized in Table 11. At
the start of the light treatments the starch level was very
low. However, it is obvious that levels were high at the
end of the first 24 hour period. Levels were considerably
o
higher at the 1400 yuw/cm intensity than at 700. Most 
values at the higher intensity were between 20 and 307> of 
total dry weight, whereas, at the lower intensity they were 
10 to 207o. For high intensity, the percent value seemed to 
reach a maximum figure at about 48 hours of illumination and 
then decline slowly. Although there was minor variability 
between values for subsamples, there was considerable varia­
bility between replicates in several instances.
An examination of the effect of leaf detachment.
The next endeavor was to explore the effect which detachment 
of the leaf and the subsequent floating on water had on the 
sugar accumulation in the leaf0 All too often a plant part 
is removed from a plant for studies with the assumption that 
it will continue to react normally with unchanged metabolism
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Table 11. Summary of perchloric acid extractable poly­
saccharide levels in bean leaves floated on water under 
Gro-Lux Wide Spectrum illumination of 2 intensities for 4 
time periods. (2 replicates (R) with two subsamples (S) 
per replicate).
Intensity
Time 700 jjw/cm^ 1400 jiw/cm^
(hours) R1 R2 X Rl R2 X
24 SI 12.18 14.49 26.31 20.62
S2 12.04 14.34 27.18 20.72
X 12.11 14.41 13.26 26.75 20.67 23.70
48 SI 17.39 17.49 29.74 32.48
S2 17.99 16.74 30.28 30.91
X 17.69 17.11 17.40 30.01 31.69 30.85
72 SI 21.39 16.37 23.85 31.76
S2 19.04 - 24.66 32.29
X 20.21 16.37 18.29 24.26 32.03 28.14
96 SI 14.96 19.99 24.56 28.63
S2 16.80 19.75 24.71 28.90
X 15.88 19.87 17.88 24.64 28.77 26.71
0 3.33 3.39 3.36
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or a segment is removed from a plant and there is an assump­
tion that the metabolism in the segment is unaltered. How­
ever, in fact, the segment is in a wholly new situation with 
respect to its relation to the total environment and a large 
array of factors may completely alter the normal metabolism.
It was decided to compare sugar levels in leaves of 
normal intact plants with those detached leaves floated on 
water and with leaves attached to the plant but with steam 
killed petioles. The steam treatment of the petiole would 
kill the phloem and prevent carbohydrate translocation from 
the leaf but would not prevent water and other materials 
from being translocated into the leaf.
An exploratory experiment was conducted. It revealed 
that leaves attached to a plant but with steam killed peti­
oles were alive, green and turgid more than two weeks after 
treatment. It was expected that this experiment would show 
whether the intact xylem affected the sugar levels in the 
leaf through possible effect of root products or other in­
coming metabolites translocated via the xylem. Also, there 
would be an opportunity to observe any interaction between 
the 3 treatments and the 5 light qualities.
Bean plants were grown and exposed to a 72 hour dark 
treatment immediately before initiation of the experiment.
The 5 light qualities (red, blue, green, warm white and Gro- 
Lux Wide Spectrum) of the previous experiment were used and 
tables were adjusted to an intensity of 900 ycw/cm at plant 
material level. Plants were removed from the dark chamber 
and 20 pots with one plant per pot were selected. The 
petiole of the first trifoliate leaf of each plant was 
treated with a jet of steam while cardboard discs were placed 
on either side of the treatment site to prevent damage to 
the remainder of the plant. Each cardboard disc was slit
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to its center to allow for the petiole to be inserted. The 
plants were placed under the various luminaires, 2 plants 
per luminaire. The treated leaves were held perpendicular 
to the light source by a supporting ring of covered wire 
(Plate 7).
Another 20 pots were selected and 2 untreated plants 
were placed on each table. Next, 6 detached leaflets from 
other plants were floated on water in a pan on each table.
An attempt was made to maintain all relevant plant material 
upon a table at the same level or distance from the illumi­
nation source. The relevant leavlets on the untreated 
plants were also maintained in a position perpendicular to 
the illumination using the covered wire rings.
After 72 hours of continuous illumination the rele­
vant leaves were harvested, stored and analyzed for sucrose, 
glucose and fructose. The data is presented in Table 12. 
Total sugar was assumed to be the total of the 3 individual 
sugars.
The first point to notice is the fact that all the 
values are quite low compared to previous experiments.
Later investigation implicated the 72 hour dark period prior 
to the experiment as the cause. The sucrose, glucose, 
fructose and total sugar levels (average of two replicates) 
at the start of the experiment (after 72 hours of darkness) 
were 0.32, 0.24, 0.14, and 0.70, respectively. It may be 
that the severe carbohydrate starvation caused some import­
ant cellular catabolism which slowed photosynthetic carbo­
hydrate production upon exposure to light.
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Plate 7. View of detached leaves, intact plant and plant 
with steam ...treated petiole. Note wire support 
holding the leaves erect.
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Table 12. Summary of total sugar, sucrose, glucose and 
fructose in bean leaves (intact, with steam treated petioles, 
and detached) exposed to 5 light qualities for 72 hours at 
900 ^ iw/cm^ intensity.
A. Total sugar.
F values: Treatments 170.87*, colors 4.35*, reps. 2.80
n.s., treatment x color 1.56 n.s., treatment x reps.
0.58 n. s. , color x reps. 0.20 n.s.
B R GLWS G WWTreatment
Rl 1.69 2.01 1.75 1.87 1.91
R2 2.24 2.59 2.24 1.79 2.26
Intact X 1.97 2.30 2.00 1.83 2.09
Rl 2.95 2.93 3.34 1.75 2.89
Steam R2 3.06 2.34 3.19 2.58 2.81
treated X 3.00 2.64 3.27 2.17 2.85
Rl 5.01 5.50 5.95 4.61 6.82
Detached R2 4.71 7.16 6.69 4.92 6.45
X 4.86 6.33 6.32 4.76 6.63
Combined x 3.277a ,b 3.755b 3.86 0b 2.920a 3.857
B. Sucrose.
F values: Treatments 108.65*, colors 3.88*, treatment x
color 1.49 n.s., treatment x reps. 0.61 n.s., color x
reps . 0.41 n.s.
B R GLWS G WW
Treatment
Rl 1.26 1.51 1.36 1.57 1.51
Intact R2 1.66 1.86 1.65 1.32 1.59
X 1.46 1.68 1.50 1.44 1.55
Rl 2.42 2.55 2.96 1.54 2.60
Steam R2 2.56 2.02 2.78 2.20 2.32
treated X 2.49 2.28 2.87 1.87 2.46
Rl 3.43 4.03 3.65 3.03 4.92
Detached R2 3.23 4.86 4.95 3.47 4.66
X 3.33 4.44 4.30 3.25 4.79




F values: Treatments 225.50*, colors 2 .68 n.s., reps.
3.27 n. s ., treatment x color 1. 27 n.s., treatment x reps.
1.88 n. s., color x reps. 0.72 n.. s .
B R GLWS G WW
Treatment
Rl 0.29 0.35 0.31 0.25 0.29
Intact R2 0.38 0.51 0.45 0.28 0.48
X 0.33 0.43 0.38 0.26 0.38
Rl 0.37 0.26 0.27 0.14 0.20
Steam R2 0.38 0.21 0.31 0.27 0.34
treated X 0.37 0.23 0.29 0.20 0.27
Rl 1.13 1.06 1.78 1.14 1.27
Detached R2 1.11 1.36 1.27 1.05 1.34
X 1.12 1.21 1.52 1.09 1.30
Combined x 0.610a 0.625a 0.732a 0.522a 0.653a
D. Fructose.
F values: Treatments 45.32*, colors 0. 60 n.s., reps.
1.24 n. s., treatment x color 0.40 n.s., treatment x reps.
0.48 n. s., color x reps. 0.33 n.s.
B R GLWS G WW
Treatment
Rl 0.14 0.15 0.08 0.05 0.11
Intact R2 0.20 0.12 0.14 0.19 0.19
X 0.17 0.14 0.11 0.12 0.15
Rl 0.16 0.12 0.11 0.07 0.09
Steam R2 0.12 0.11 0.10 0.11 0.15
treated X 0.14 0.11 0.10 0.09 0.12
Rl 0.45 0.41 0.52 0.44 0.63
Detached R2 0.37 0.94 0.47 0.40 0.45
X 0.41 0.67 0.49 0.42 0.54
Combined x 0.240a 0.308a 0.237a 0.210a 0.2 7 0a
*Significant at the 57o level.
Superscripts: Any means with the same superscript letter do
not differ significantly.
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There was a significant difference between the means 
for total sugar for all 3 treatments. The sugar levels were 
considerably higher in the detached leaves than in the leaves 
with steam treated petioles. The intact leaves possessed 
lowest values. The mean for the color green was signifi­
cantly lower than all colors except blue. This is not un­
expected since green is recognized as an inefficient color 
for photosynthesis. The means for the other colors were not 
significantly different.
The sucrose data followed a similar pattern as for 
total sugars. The means for all 3 groups of leaves were sig­
nificantly different and the mean for the color green was 
significantly lower than all the other color means except 
that for blue.
For the glucose data, there was a significant dif­
ference for all 3 treatment means but the mean for the leaves 
with steam treated petioles was lowest. The mean for the 
detached leaves was substantially higher. There was no 
significant difference among color means. However, the mean 
for green was the lowest and that for Gro-Lux was the highest. 
This is in accord with previous results.
The mean for fructose levels in the detached leaves 
was significantly higher than for the other 2 treatments 
which were not significantly different from each other.
None of the color means were significantly different. The 
fructose levels, however, were very low.
From the results of the data, no noteworthy color x 
treatment interaction or relationship can be observed. The 
one definite point that was brought out by this experiment 
was that even though the phloem is rendered inoperative and 
translocation is blocked (and the assumption is that it was
74
blocked) there is by no means the high level of sugars accum­
ulated in the leaf as is seen with detached leaves floated 
on water. The answer would appear to be related to conduc­
tion through the xylem and this lead to the next investigation.
An explanation regarding high sugar levels. In view 
of the results from the previous experiment, an attempt was 
made to uncover the reason why detached leaves floated on 
water accumulated such high values of sugar whereas the 
leaves with steam treated petioles did not. It was postula­
ted that perhaps mineral nutrition was involved. The 
response relative to age of leaf was also a factor worthy 
of consideration.
Bean plants were grown and exposed to a 48 hour dark
treatment prior to the start of the experiment. Pans were
placed on the tables under luminaires of warm white lamps at
2
a distance to provide an intensity of 900 ^iw/cm . One pan 
on each table was partially filled with distilled water and 
the other pan was provided with a similar quantity of nutri­
ent solution as described in Table 2. Leaves were selected, 
randomized, and floated on the surface of the liquid in the 
pans for 72 hours. Two ages of leaves were used. Old leaves 
were those fully expanded leaves from the first trifoliate 
node, whereas, young leaves were those less than half ex­
panded leaves from the third trifoliate node.
The leaves were harvested, placed in boiling 80% 
alcohol for 2 minutes, stored, separated into alcohol insol­
uble and soluble fractions, and the latter fraction analyzed 
by paper chromatography and the Nelson colorimetric method 
for sucrose, glucose and fructose levels. A summary of the 
data can be observed in Table 13. The sugar levels in all 
cases had a significantly higher mean value for old leaves 
than for young ones. In every instance the leaves floated
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Table 13. Summary of sucrose, glucose, fructose and total 
sugar levels in bean leaves of two ages floated on nutrient 
solution and distilled water under warm white light at 900 
jiw/cm2 for 72 hours.
A. Sucrose.
F values: reps. 0.93, treatment 3.82, age 27.05*
h 2o Nutr. soln.
young old young old
Rl 3.71 5.96 1.12 7.09
R2 3.56 8.97 2.36 5.93
X 3.635 7.465 1.740 6.510
B. Glucose.
F values: reps. 1.97, treatment 41.78*, age 35.23*
Rl 1.97 4.44 0.47 2.49
R2 3.51 5.83 0.41 2.45
x 2.740 5.135 0.440 2.470
C. Fructose.
F values: reps. 0.66, treatment 45.80*, age 67.14*
Rl 1.08 2.56 0.42 1.56
R2 1.39 3.49 0.30 1.40
x 1.235 3.025 0.360 1.480
D. Total sugar.
F values: reps. 2.09, treatment 23.25*, age 53.13*
Rl 6.76 12.96 2.01 11.14
R2 8.46 18.49 3.07 9.78
x 7.610 15.725 2.540 10.460
*Significant at the 57, level.
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on water had a higher mean value for sugar level than did 
the leaves floated on nutrient solution and for all except 
sucrose the difference was significant. For total sugars, 
the mean value for young leaves floated on water was less 
than 1/2 that for old leaves, and for leaves on nutrient 
solution the mean for young leaves was less than 1/4 that 
for old leaves. Similar results can be seen for each of the 
individual sugars.
It is known that there is a great demand for carbo­
hydrates and amino acids in the young growing leaf. These 
products of metabolism are essential factors in protein 
synthesis and structural wall synthesis during growth and 
expansion of the leaf to its full size. This would explain 
the expected decreased levels of sugars in the young leaves 
relative to the old ones which would be expected to possess 
surplus levels of carbohydrates for export.
Analysis of the data in Table 13 with respect to 
sugar levels for leaves floated on nutrient solution as com­
pared to levels for those floated on distilled water strongly 
implies that the high sugar buildup previously seen in leaves 
floated on water is primarily due to a deficiency of certain 
nutrients. Quite probably this lack, in large measure, is a 
nitrogen deficiency whereby photosynthates can not be trans­
formed to amino acids and eventually to proteins.
It was believed that analysis of the alcohol soluble 
and insoluble fraction for nitrogen levels might reveal 
additional information. Analysis was carried out by the 
Nesslerization method as presented in the "Materials and 
Methods" section. The data are summarized in Table 14.
The results in both fractions were identical. In all in­
stances, the nitrogen level in young leaves was significantly
77
Table 14. Summary of nitrogen levels in bean leaves of two 
ages floated on distilled water and nutrient solution under 
warm white light at 900 ^iw/cm2 for 72 hours.
F values: Treatment 10.72*, age 28.92*, fraction 478.62*,
replicates 3.42 n.s.
Treatment
h 2o Nutr. Soln.
young old young old
Alcohol Rl 1.89 1.23 1.97 1.63
soluble R2 1.24 1.17 1.80 1.52
fraction X 1.565 1.200 1.885 1.575
Alcohol Rl 5.42 3.96 6.35 5.07
insoluble R2 5.73 3.73 5.84 4.27
fraction X 5.575 3.845 6.085 4.670
*Significant at the 5% level.
Table 15. Summary of total sugar levels for 3 ages of bean 
leaves floated on distilled water and nutrient solution 
under warm white light at 1200 yuw/cm^ for 72 hours.
F values: Reps. 0.31, age 139.57*, treatments 172.83*
Age Initial Rep. Treatment
Ho0 Nutr.
z Soln.
Old 1.31 Rl 10.56 6.71
R2 10.98 6.03
X 10.770 6.370
Medium 1.34 Rl 7.61 4.48
R2 8.50 4.23
X 8.055 4.355
Young 1.57 Rl 4.23 2.36
R2 4.71 2.46
X 4.470 2.410
*Significant at the 5% level
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greater than the corresponding level for old leaves. Like­
wise, the nitrogen levels were always higher in leaves 
floated on nutrient solution than for those floated on water. 
There is a perfect correlation with respect to high nitrogen 
values and low sugar levels or low nitrogen levels accom­
panied by high sugar levels. This strongly suggests that 
the reason why we have such high values of sugar accumulation 
in detached leaves floated on distilled water as opposed to 
the values for leaves attached to the plant is that lack of 
nitrogen prevents conversion of these photosynthates to 
amino acids and proteins.
In another experiment, 3 ages of bean leaves ob­
tained from the first, second and third trifoliate nodes
were floated on distilled water and nutrient solution under
2
warm white light at 1200 ^uw/crn for 72 hours. Analysis was 
performed on the alcohol soluble fraction for total sugar 
values by means of the Anthrone method. The results may be 
observed in Table 15. The results of the previous experiment 
were completely supported. The mean values of the sugar 
levels with respect to the 3 ages of leaves were particularly 
interesting. The results serves to underscore the necessity 
of working with leaves of the same age and development.
Effects of sugar levels on rate of CCb, uptake. An 
experiment was designed to determine if the rate of CO^ uptake 
was altered by the high levels of sugar accumulated in de­
tached bean leaves exposed to light. Bean plants were grown 
and exposed to a 48 hour dark period previous to the experi­
ment. Warm white lamps were used in the experiment and 
tables were adjusted such that plant material received 1200 
pw/cm intensity. Small glass vials, which measured approxi­
mately 2 x 5  cm, were filled with water and covered with
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parafilm squares in the center of which a small hole was cut. 
Each vial was placed in a round hole cut in a corrugated 
cardboard support located on each table. Bean leaves con­
sisting of all 3 leaflets were selected, severed from the 
plant and the petiole was inserted through the hole in the 
parafilm covering each vial. A picture of the leaves in 
place can be observed in Plate 8.
All vials were randomized for future selection. At 
the start of the experiment, 4 vials of leaves were enclosed 
in the CC^ chamber and analysis of CC^ uptake was carried 
out, as described in the "Materials and Methods" section, 
for one hour. This sample was harvested immediately and 
another sample (the second replicate) was analysed and har­
vested, likewise. Then 2 replicates of 4 vials each were 
analysed for rate of CO^ uptake and subsequently returned to 
the tables. After each of 5 consecutive periods of 24 hours, 
2 replicates of 4 vials, each of which contained one tri­
foliate leaf, were selected at random from the tables, 
analysed for rate of CO^ uptake and harvested. Also, a 
measurement rate was made on each of the 2 replicates which 
had been measured and returned to the tables. At the termi­
nation of the last 24 hour period these 2 replicates were 
harvested, also.
Since the CC^ recorder produces raw data correspond­
ing to ppm of CC> 2 in the atmosphere, the raw data at each 10 
minute interval were converted to ppm values using the cali­
bration curve. Carbon dioxide uptake values then were calcu­
lated for each replicate by subtraction of the CO 2  value at 
each 10 minute interval from 600, the level at the beginning 
of each analysis. These values subsequently were divided 
by the dry weight of the corresponding sample which gave a 
measure of CO 2  uptake per gram of dry weight. A summary of
80
Plate 8. View of detached bean leaves in place under a 
luminaire.
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the data for the samples measured and returned to the table 
each day can be observed in Table 16. Table 17 summarizes 
the data where a new sample was selected, analysed and har­
vested at the end of each 24 hour period. This data can be 
observed plotted as uptake curves in Figure 15. It can be 
seen that there is a marked reduction in the rate of CO^ 
uptake between 48 and 72 hours for the samples that were 
measured and returned to the table each day. However, for 
those samples that remained under the lamps until selection 
for measurement and immediate harvest, the rate did not 
decrease until after 72 hours, after which we observe a 
somewhat steady and marked reduction. Some kind of feedback 
mechanism seemed to have been activated.
It would appear that the repeated daily measurement 
of the samples does alter, in some way, the pattern of CC^ 
uptake. This may be due to the repeated exposure to higher 
levels of CO^ at the beginning of each analysis period which 
in turn allows for faster rate of sugar accumulation by way 
of photosynthesis. However, this did not appear to be the 
case since the sugar levels in the samples repeatedly 
measured and replaced to the tables showed a lower mean 
sucrose (3.945), glucose (3.110), fructose (0.925) and total 
sugar (7.980) level after 120 hours than did the samples at 
120 hours harvested after only one analysis (Table 18).
An analysis of variance was performed on the data 
in Table 18 and a summary of this analysis can be observed 
in Table 19. It can be seen that the sugar levels at the 
start of the experiment were significantly lower. There 
were not many instances where there was a significant differ­
ence between the means for the 24 through 96 hour time 
periods but at the 120 hour period all means except sucrose
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Table 16. Measurement of CC^ uptake under warm white light
at an intensity of 1200 juw/cm^. Samples returned to table 
and repeated each day.
Length of exposure to light in hours 
before start of measurement
Time in minutes after
start of measurement 24 48 72 96 120
0 0 0 0 0 0
10 143 143 77 64 77
20 259 259 143 118 154
Rep. no. 1 30 373 353 192 181 216
Dry wt. of sample 40 447 427 259 226 271
0.6863 gram 50 535 500 303 271 323
60 597 567 363 313 353
0 0 0 0 0 0
10 145 145 87 109 87
20 2-92 265 150 195 178
Rep. n o . 2 30 385 350 205 259 233
Dry wt. of sample 40 442 413 251 309 276
0.8292 gram 50 488 460 292 339 309
60 525 503 332 370 332
0 0 0 0 0 0
10 144 144 82 86 82
20 275 262 147 156 166
Average 30 379 352 199 220 224
Rep. no. 1 & 40 445 420 255 267 274
n o . 2 50 512 . 480 298 305 316
60 561 532 348 341 342
83
Table 17. Measurement of C0~ uptake under warm white light
at an intensity of 1200 ^ iw/cm . New sample selected for each 
measurement and harvested thereafter.
Length of exposure to light in hours
before start of measurement
Time in minutes after
start of measurement 24 48 72 96 120
0 0 0 0 0 0
10 120 148 145 147 120
20 234 256 265 237 215
Rep. no. 1 30 322 380 372 319 290
40 404 467 445 378 365
50 479 571 524 428 415
60 552 659 560 455 455
wt. of samples
(gms.) 0.5995 0.5479 0.5594 0.8431 0.6647
0 . 0 0 0
10 - 106 130 - 117
20 - 228 230 - 182
R e p . n o . 2 30 - 295 310 - 229
40 - 367 380 - 265
50 - 431 450 - 290
60 - 496 505 - 313
wt. of samples
(gms.) - 0.6791 0.7746 - 1.0586
0 0 0 0 0 0
10 120 127 138 147 118
20 234 242 247 237 199
Average 30 322 337 341 319 260
Rep. no. 1 & 40 404 417 412 378 315
n o . 2 50 479 501 487 428 352
60 552 578 532 455 384
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Figure 15. Rate of CO^ uptake during a 60 minute measurement
period after exposure of the sample to various
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Table 18. Summary of sucrose, glucose, fructose, and total 
sugar levels expressed as percent of total dry weight.











































B. In samples harvested after repeated CC^ analysis.
Rl 3 o 85 3.63 0.93 8.41
120 R2 4.04 2.59 0.92 7.55
x 3.945 3.110 0.925 7.980
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Table 19. Summary of means for sucrose, glucose, fructose 
and total sugars in samples harvested after each time period.
Time 
(hrs.) Sucrose Glucose Fructose
Total
Sugars
0 0.700a 0.195a 0.170a 1.065a




72 3.585cd 3.230c 1.090b 7.905C
96 3.410bcd 3.070c 0.920b
be
7.400°
120 4.110d 4.835d 1.705C 10.650d
Superscripts: Any two means in the same column without the
same superscripts differ significantly at the 5% level.
were significantly higher than those for the previous 
period.
As a final check on the data all the alcohol soluble 
samples were analysed by the Anthrone method and a summary 
of the results is presented in Table 20. All of the values 
are higher than those for sucrose, glucose and fructose 
combined and assumed to be total sugars. Most of this dis­
crepancy is likely due to the acid hydrolysis of some other 
alcohol soluble carbohydrates during the determinations. 
However, the data itself completely supports the data in 
Table 18.
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Table 20. Summary of results of determinations by Anthrone 
method.
Time! (hrs.) of exposure
0 24 48 72 96 12 0A 120B
Rl 1.52 7.51 7.76 9.16 9.78 15.72 10.93
1.52 7.63 7.98 9.16 9.78 15.72 10.93
R2 1.42 7.42 7.55 10.97 9.63 12.52 10.55
1.42 7.42 7.55 10.65 9.63 12.75 10.55
X 1.470a 7.495b 7.710b 9.985° 9.705° 14.178d 10.741
Superscripts: Any two means in the row without the same
superscripts differ significantly at the 5% level.
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SUMMARY AND CONCLUSIONS
Experiments were conducted to develop a better 
understanding of the effects of light quality, intensity, 
and duration of exposure on carbohydrate metabolism in 
vascular plants, and to provide some answers concerning the 
effect of these factors on the sugar levels in the bean 
plant. Also, investigations were conducted to determine 
the reasons for the accumulation of high levels of sugars 
associated with detached leaves, and to determine if these 
high sugar levels affected rate of CC> 2 uptake.
Studies concerned with the effects and interactions
of intensity, quality and duration of exposure on sugar
levels in bean leaves floated on water show that the total
sugar levels after 24 hours of illumination at high intens-
ity (1400 juw/cm ) were more than double the values for
leaves at 1/2 the intensity. Although the levels of all
the sugars tested were increased at the higher intensity,
most of the increase was due to much higher sucrose levels.
The total sugar levels in bean leaves after 48 hours of
2
illumination at 700 uw/cm were similar to those in leaves
2after 24 hours at 1400 ^ iw/cm showing an intensity x duration 
relationship. At the lower intensity there was a somewhat 
steady increase in sugar levels but at the higher intensity 
there was a rapid increase during the first 24 hours of 
illumination. Looking collectively at several experiments 
of various intensities, it appears that perhaps there is a 
quality x intensity interaction. The blue lamps seemed to 
have caused higher sugar levels than the other lamps at
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2 2 
intensities of 400 uw/cm and 1400-1600 uw/cm , but relatively
2
lower levels than the other lamps at 700 jjw/cm . This 
should be examined in more detail.
Perchloric acid extractable polysaccharide levels 
increased rapidly in bean leaves upon exposure to light. 
Studies at periods of less than 24 hours of illumination 
are needed. The maximum attainable levels seem to be 
directly related to intensity of illumination up to 1400 
juw/cm^.
A preliminary comparison of results concerning 
levels of total sugars in detached bean and clover leaves 
showed that the levels in clover leaves were considerably 
higher, indicating a species difference. Percent soluble 
of total dry weight values reacted quite differently.
In detached bean leaves floated on water, there were 
large and significant differences in sugar levels with 
respect to age of leaf. The older the leaf, the higher the 
sugar content and the younger the leaf, the lower the sugar 
level. Variability between leaflets from the same leaf was 
limited and not significant. However, there was a signifi­
cant difference in results for leaves from different plants. 
The results pointed up the necessity for using plant material 
of the same age, size and maturity when conducting various 
studies and the need to use sufficiently large samples of 
randomized leaflets to overcome variability between plants 
even when using plant material of the same age.
In experiments with leaves from untreated plants, 
leaves with steam treated petioles but attached to plants, 
and detached leaves, each exposed to 5 light qualities, it 
was evident that the high sugar levels consistently were
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associated with the detached leaves. However, the sugar
levels in the attached leaves with treated petioles were
significantly higher than in leaves from untreated plants.
There was no evidence of any color x treatment interaction.
Green and blue light consistently produced lowest sugar
2
levels at the intensity of 900 L^tw/crn .
There was substantial evidence that the accumulation 
of very high levels of sugars in detached bean leaves floated 
on water was due primarily to a lack of minerals, in short, 
a mineral nutrition deficiency. Experiments suggested that 
perhaps the lack of nitrogen prevented the conversion of 
products of photosynthesis into amino acids which, in turn, 
are the building blocks of proteins. The results with 
young leaves and the known need for large quantities of 
these metabolites in growth seem to support this explanation. 
However, in view of the fact that sugar levels in the leaves 
with treated petioles were higher than in untreated leaves, 
this may not be the whole answer. The results, in general, 
underscore the problems which are likely to be encountered 
when working with plant parts which have been altered or 
removed from the unit whole.
There was strong evidence that the high levels of 
sugars which accumulated in detached leaves did slow down 
rates of CC^ uptake. It was also indicated that the sup­
pressed rate manifested itself earlier in leaves which had 
their rates measured every 24 hours than in those leaves 
which were not previously submitted to measurement. The 
reason for this reaction was not apparent.
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